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A SITTZIATIC IMVESTIGATION OF FRESSURE DISTRIZUTIONS
AT HIGH SPTELS AV.A FIVE RIFRESIHTATIVE NACA
LOW-DRAG AND CONVENTIONAL AIRFOIL SECTIO.'S

Ry Donnld J. Grahon, Gerrld E. liltzbers,
and Robert li. Olsen

SULTARY

Precsurs dlatributions determined Irom lhigh-snced '+ind-
tunr.el tests nre nreseated far five i'Ali alrfeil sectlons
ranrecenintive of "“oth Zov-drag and couventional trues.
Seztinz characteriatlics of 1ift, dreng, arn? quarter-chard
pitching roment nr» presented nlony with the neasured nressure
dlstrivutions for the (LuWlh 65,~215 (a=0.5), 66,2-215
(~ =0.0), 0015, 23015, enrd =15 airfoile for speeds un %o
adnroXinately 0.5 Laca numbor. A critical study is made
AL the nirfoll prezsure dietributions in an attempt to
farmulate a set of gerer-1l criteria far defining the ch-rac-
terr of high-sveed flois aver %Hyrical airfelil shapes. Compari-
gone are '.ade of the relative clirracteristics of the low-drag
and couavertionnl airfolls investignated insofar as they wuld
infiuenrnce the nirh-greed perfarmatice and the high-apeed
staolllity and cortrnl charscteristics of alrplanes empl ~ying
thege ving sections.

At Mach nunbers +h-»n the loeal veloclties over =n
airfall are estirely suusonic, alrfnil oressure distributions
may genernlly oe vreficted ecatlsfactorily from the corre-
sgpnfgr; lov=sgneed nressre dlstributions by means nf the
Karman-Tsien compre3ssibllity relation. At higher llach numbers
Tor hich btut Limited rezilons of loe~l supersonic flor exist,
suvercritical pressure dieirioutisng may be relnted auali-
tatively to the low-speed pressure distrioutions,

The lov=drag tyve nirfoll, as exemplified ii2 the present
investigation by the IlaCA €5.-215 (a = 0.5) and 66,2-215
(a = 0.6) sectinns, constitutes san improvement nver the con-
ventinnal tyve nirfoll of crual thiciiness rhen cmrloyed on
the wing sectinns of hilgh-speed alirovlsnes, in that it wuld
promote more favoratvle ailrnlane stobility ~nd control
characteristics nt suvercritical sveeds. Contrary to popular
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exnectatlons, however, the low-drag sirfoll is but slightly
better than the cenventionsl scetlon os regerds sunercritical-
cpeef drag characteric4ice.

INTRCDUCTION

Pundanerntal cerodynanic theory hics been found to be fully
eGequate in defining the essenticl cherocter of general low-
speed elir flowus, BSuch a vast anount of engluneering fermulation
has becn cmessed frow rescsrceh both theoretical and experimenta
on tiie chrrrcteoristics of serodynomlc bodies sublected to low—
speeC gir flous ti:at the nrcetiecal aercdynamicist has 1little
Gifficulty in Gesigning alreraft for eiTielent operation in this
reain of fiight, In tlie region of nolerante— and high-specd
flight, novever, vhero fluld compressibility bLecomes an impor-
tent footor, the extent of Lrovledge of ilic charceter of alr
Tlows is very limlted. The baslie theory vhich treats lowhtpeed
flouws so satisfoctorily foils to Geflne high-epeed flovs.
Attompts hiave boen iinde by nany investipgators to modify the
clessicel gerofynaaic theory for the effects of fluid cenpressi-
bllity so as to pernis o loglesl uncerstonGing of high-speed
alr Tlowe, Tho noet fomlller of these medifleoatlons ere the
Prondti-Gleucrt «nd 4lic Xorwen-Uslen relotions for predieting
the velocliy or nresswite ficlés ot comnprescsibililty specds ebout
alrfoile from tiolr Lnewm lov=cgnced veloclity or prescure die—
tributlona. Thecco tiicoreticel relotions have been satisfacto-
rily verificd by experiments on alrfolls ot snecds up to their
eritiecesl velocitiee; tint iep, tiic eticom volocltlies corraspond-
ing to the firgt ettalnuent of the veloclty of sound locally
on the airfoil surlfaoece. g the criticsl epccd of an alrfoill
is excceded, however, ont the loerl volocities over the surface
excec® tho gneod of sound, rbrupt discontinultice occur in the
flow vilch cruse the beelc tlieorles and existing compressibility
nodificctione thereof to Tall., The criticnl evced, tlien, oppears
to Do the uvpgr Ximlt of the epecd raigo 1n tvhieh tho Prandtl-
Glauert aad Kerann-—-Tslen 0dificetions to the basgle acrodynemic
thoory are cpnlicelle,

Althourh the chinvncter of low—spoed flovws ie well under-—
stood and woderately high-gpeced flows con spperontly be Gealt
vith satislocterily by moans of cxistlng nodilicatlions to
claesical thcorlos, veory little is mnown cbout the fundamontal
mechenisgn of eir flowe ot superciritlenl veloecitlos, Not only
is the cerolyncmiclist at o loss Yo understand tho character of
supereritical spced flova, but until very rccently the informa-—
tlon avallable to him on the natuie of thic forecs and nmoaente
on aexodynmiic bodieas eubdjeeted to sucii {lows has been
extremoly mouger. In recogaltion ol tlio acute necd for expori-
mental data on the phyelcal vhenoitenn asgsgoelated 1rith the
attalnucnt of supcrcrlitical veloclty flouws over alrfoils, and
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of the need for more thorough understanding of the charzcter
of high suberiticel velocity flows, the prescnt investigetion
wes undertaken.

Tests were made in the Ames 1- by 3-foot high-speed
wind tunnel to determine the precsure distributions at high
speeds over the NaCa 652-215 (a = 0.5), 66,2-215 (a = 0.6),

=

0015, 23015, and 4415 eirfcil sectione. The airfolls were
sclecied ns belng representetive of each of geveral types of
alrfolls wicdely cmployed in the design of sircraft; the

NaCh 650-215 (& = 0.5) r .d 66,2-215 (o = 0.6) being typical
low-drag airfoils with differeant positions of minimum pressure;
the NaACA O0l%, & syxzuctrical conventional airfoll; the FACA
23015, a typlcal forwerd cartered coaventional airfoil; and
the NaCA 4415, a typical highly posiltive ceaubered conventional
alrfoll. a criticel st udy is made of the pressure
distritutions and rcerodynamic charccterietics of the eirfoil
sections investigeted in the hope of obteining e sufficlent
underastending of high~speed flows to ermit the prediction of
the btehavior et suvercritical specds of other airfoill sections
falling within the eame gencral classification scheme.

APFPARATUS AiD IETHODS

The teste were conducted in the ames 1~ by 3}-foot high-
speed wind tunnel, & low-turbulence, two-dimensionel-flow
wind tunrel powered by two elcctric motors of 1000 horsepower -
sufficient power to obtain choksd flow with any sizec of model.

3ix--inch-chord models of the [ACA 652-215 (a = C.5),

66,2-215 (& = 0.6), 0015, 23015, ond 441E sirfoils werc con=—
structed of durslumin end steel for the tests. The models
were equipped with from 30 to 32 nressure orifices of 0.008-
inck diemeter drilled perpendicularly to the airfoll surfsaces
at stendard chordwise statione. The sirfolls were mounted,
a8 illustrated in figurec 1, so &8 to epan completecly the 1-
foot width of the tunnc' test eection, snd were supoortcd in
tight-fitting platce coutoured to the ailrfoil surfaces and
sealed with rubter geskets to elimlnate air leeskage sbout the
ends of the sirfolls. Wind-tunnol tests heve indicated that
end leakage must be prevented if two-diuensional-flow
conditions are to be re=slized. To focilitate construction

of the modele, the planc of pressuro neasurements was chosen
@idway vetween one eide well and the center of the tunnel.
Previous teets have ehown no differcnces in airfoll pressures
reasured in thie plane and in the »nlane of synuetry.
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Simultaneous measurements of airfoil preesure dietribution,
drag, end in the oeses of the NaCA 0015 and 4415 airfoils,
1if% and ouerter-chord ritching gomentowere made for anglee
of atteck renging from ~A° to 16° by 2 increments at speeds
from 0.3 lech nunber to aporoximately C.85 Mach number, the
choking epeced of the wind tunnel for these teete. The corre-
eponding Reynolds numbers ranged from spproximstely 1,000,000
%o 2,00G,000.

Airfoil preseures wore xmeasured by meane of multiple—
tube umanometers, tetrabromosthane boing ueed ae the menoumeter
fluid whenevey poesible to mailntein a high degree of . aocuracy
of messurement. For the higher vpressuree rercury eerved &8s
the manometer fluid. Liculd heights wers recorded photograph-
ically to ensure the simulteneous meansurement of all preseures.
Alrfoil drerg wae measured by aeens of weke surveye made with
2 movable rake of total—-hesd tubca,

In the casce of the NACA 0015 and 4415 sirfoile, 1ift
and quarter-cihord oiiching moments were obtelned directly
from neasurementa of the resctions on tho tunnel walls of
the forces experienced by the eirfolls., Previoue wind-tunnel
teste have demonstratcd very satisfactory sgrecment between
characteristice determinad . 'om wall-rzaction measuremente and
thoee derived from siruitercously neosurcd eirfoll vressure
distributione.

TEST RESULT3

In figuree 2 to 6, inclueive, appear the preesure distri-
butions for the MACA 65.-215 (a = 0.5), 66,2-215 (a = C.6), :
0015, 23015, and 4415 airfoil ecctions in that order. In
these figurce prcssure coefficlent P 1is plotted as & function
of the chordwise location of the airfoil pressure orificee for
constant englee of ettackz snd varying Kach number. The
pressure coefficient ie defined es

P - Po
%

Pa

where
-] local statio pressure on ths alrfoll surface
Po statlio pressure of the undisturbed stream

g, Qynamlc pressure of the undisturbed stream

C .. FIDENTIAL
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Cerrcetions to the oressure coefficicrnts snd angles of attack
fer tunnel-wall-interfercnce cffects calculated by the method
¢t refers nee 1 proved to be neglizibic Tor the sizo cof model
tested and have “thercfere rct beea 1.11ud to the pressure—
aictribut:on date. Thke strean volocitles, however, have been
corrvceted for Sunnel-well cffocts by thc zcthod cf reference 1.
Frclen lines were used in figures 2 to & wherever the stream
velocltiss were within 0.028 i{nch n1;ber :f the chokin: speed
of the wind tunuel, Under such conlitions, where present
tunncl=wall-correctior mctheds ore invaelid, it is doubtful
vhether the neasured pressure distributlions are truly
reprecentetive of frec—alr charcetcrietics,

For the cnuvenisnce of the desiuning scrodynsmicist,
veluos of the =2irfoil section locd pareneter P = Py - P,

where Py and F, are the leccal predeure coefficlents on
the uprer and lowér surfeaces, resvectively, ot o given
choridwise sintion cf the airfoll, are tabulsted for the five
eirfoile in teblee I to V, incluslive, for the rarnges

of angles of sttuck and Hack nuarers investigated.

In figures 7 through 11, preacure coefficlients at the 2.5-
nercant—-chora statlon for tne suirface having the minimunm
local pressure are pvlotted ae e "1cu1fn 93 free—strcem Mash
nucber for angles of attack of —W‘ 2 and 8
for the MACA 65 o115 (2 = 0.5), 55,2~ ,.5 ( = o 6), 0015,

23015, ond 441= a’rfo’ . eectiona, resncctivcly. Thesec figures
arc vreecnted to show that a morized charge in the character

of the flow over an airfoll occurs ofter the airfoil criticel
epced hae beern exceceded.

The variation of scction 11fu coefficient with Mach
nuber ot constant enyles of atiacl from —62 to 10° is choun
in figuree 12 through 16 for the rive airfolls in the
previously mertioned pecuence. For the Kila 655-215 (a = 0.5),
66,2-215 {(a = 0,6), ¢nd ?;01" profiles, the 1ift cocfficients

cre obtelacd by integroting the meagurcd pressure dls= | 1 ¢
tributions. Fcr the KaCa COL5 snd LI5S ecctions, the 1lift
coefficients shewn were caleuletad from %lll—ruﬂﬂtlcn force
tests mnde si;ult&nucasly with the ressure-distribution
mersurcacnts. This method, w8 menticned previously, oroduces
resulte as accurste se thoce derlived frow the pressure
distritutions withous the tedious 1lntegration procedures
involved in the latter method.

On esch of tho figuree 12 through 1€ are plotted theoret—
ical =irrcil critical specds, teken from rcference 2, for
comparison with the experimentel critical speeds deterhined
froz the mecasurcd pregsure distrisutions by the method
outlined in rofcrence 3. In the belief thet they are of
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grepter significance than critical epecds in merkiag the

nset of sbrupt edverse clonges 1n alrfoil characteristics
at ccuk.vssibi11hy cpesds, Mach nuibers of 1lift end drag
divergeacc, anprc p*ieteT' ¢efincd hereinafter, are also
plotied on each of these figures., The liach number of lift
divergence for ¢ given angle of attcck ic defined in this
raport a8 the lowest value of the Mech nurber corresponding
to an inilecticn point on the curve of lift coefficient
agiinst dich numger, The value of the Hech nuuber at which
the slope of the curve nf ¢~ag cozrficient ewainst Mech
nuzber occcmes eoual to O. is arovitrarily defined es the
Mech rnumber of drag Givergence.

The &rné—uiv»r;c.cn Keeh nusbere indlicated in filgurcs
12 tlrough 16 were teken from the plots (Ffigs. 17 to 21,
inel.) of esction drez coefficlent againct Mach nuzber at
conetant ernglos of *1‘.1’.[:‘.‘r fcr the resnective nirfolle
iaveetigated. Lrag cozflclentes werc couputed from the wake—
survey neasurenents b; zc methed of rufercncu %,

The wveriet 1on uf saction rusricr—canrd oitching-moment
coefficient with & rwster for the five eirfoils 1s illustrated

in figurcs 22 t}roa:h 24 for erngles of attack from -6° to 10°,
Except in the cmnéz of the Invd 0015 snd 4415 airfoile, where
the pltching mocxents were detorrinad froon wall-rea cuicn
oeasureacnts, tbn valucs cf section piltching-noment ccef-
ficlents were derived frox i1ategrated prescsure 2istributions,

The £irfoll section characteristics of 11ft, drag, and
pitcling moment roocrted herein have becn completely
corrected for tuvnnel-wall interference Dy tae metaod of
refcrence 1. The dashed linss at the h _J~sooud extremnities

T the curves of figures 12 to 24, inclusive, were uecd to
indicate that cheracteristics obscrved i the vicialty of the
cioking velselty of the wird tunael sre 2f queetioneble
validity.

In figures 25 through 29, eross plots of the varlation
of section 1ift cooffi~zlen. with aengle of attack at constent
Mach nuzber are shown for the respcetive airfolls. The

ariztione of rection drag and vitching—rozent coefficlients
with section 1¢ft coefficlent are grLu-atcd in figures 30
to 3% =nd 35 to 39, respectively. CData cbtaired within 0.025
Mach nuzber of the choking ¥ach numbor are amnin indicated by
dashed lines,
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DISGUSSION
SGUSSI0)

The study of the large number of pressure distributions
obtained in the ccurse of the orcsent investigaticn may
perkane be faciliteted by corsidering the cheracteristic
differcnces of flows which ere entircly eubscnic end those
which ceneist of mixed eubsonic esnd supersonic locel velocities,
As & Tirst st in this dircction scverel representative
sressure distributicns, ehown in figure 2(a), for the NaCa
05o-215 (a = 0.3) eirfoil at -6° angle of atlack will be
diecuseed. Considering the suberificnl case, where the flow
is entirely sucsonic, the growth in rpreesure coerficient
corresnording to the incresse in licch number from 0,300 to
0.5C1, fer the vreecsure discribuiions of figure 2(a), is in
guoC agreement with whet would be wurodicted by the Kermnrn-Tsien
theory. The presrure coefiiclent £t the lower surface 2.5-
perceat-ckorld etaticn noted 10r © C.501 tech nurber corre-~
spurds to & Locel velocity which e slightly supersonic.
Preesure distriocuations cbesrved 2% ilach numbere above 0.50,
then, £all within the supercriticel category.

The charrscteristics of onressure dictributions are nmore
cormrlex et supercrltico) then et svberitical Mach numobers.
Referring =gein tr £1: re Z(e), as the krch numbor rises to
C.6z€ the lower-surf:ce rminlium Hreseure coefficient becomes
zore acretive cnd ettains e volus whica ccrresponds to & locel
Meck nuber of ebout 1l.6. At this frae--strcam lach number

ho supersenlc flow cover the forward 10 percent of the airfoil
chcrd on the lower surr:ice 1is toraineted by an ebrupt pressure
roccvery, ialicrtive of » shoek wove., Over the remeinder of
the eirfoil surfece the flow g suhbsonlec &nld the, pnreesure coef-
ficiente erc still in zood agsrecncnt with tae Korman—-Tsion
corrcetione to the low-speed pressure distribution, wWhen the
frec—-streesa scch nuamber is inere ¢ etill further, the lower-
surfece pressurc-coefficient peak ccuee lcss negative and
tiie portion of the eirfoil surfocce cover which the local
velocities arc supersonic increcscs in length. a4t e Mach
nuuber of 9.757 the experiientel pressure distribution shows
that therc sre euvcrconic velocitics over the forward KO
percent of the lower surrerce, and over the upprer swuiface

from the 40— to the CO-perccat—chord stations., The pressure
cooffliclents uessurea behind these supersonic reglons ape
sozewhat nore negative than would be prealcted by the Karman—
Tsien tneory, & difference which vcecmes greater when the
frec—-strcan Mach nunber is increzscd ebove 0.757.

The deacription which has just bcon nresented eppliees
to & spocific eirfoil section at o specific angle of atitack.
Fipures 2 through 6 show that the varietion of the rpressure
distributiens with Mach nuncer 1s considersbly diffcrent for
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other eirfoll sections and anglecs of attack. 3In ell these
cases, however, the cffect of compressibility at subcritical
epesds 18 to chsnge the pressure distribution with Mach
nusber in e meoner which is sdequately reuregented, cxcept
very near the eirfoil lealing cdge, by tac¢ Karmen-Tsien
comprefsihility correction. It can thercfore be sald that
a satlefactery understending of airfoil pressure distributions
&t subcriticel Mech nurbers hos been achieved.

The nature of supersonic flow being fundamentally

}frercnt froa subsonic flow, the pressure distribution over
that portion of the airfoil where the local flow velocitles

ere supersonic cannot be expected to be dircetly related to
the locel low-speed pressure distridbution. A study of the
pressure~distribution data vresented in this report reveels
that, outside the locel region of supereonic flow, there is a

ener:l rosecblance hetween the supercritical end the sub--
criticel nressurec distributions for the gsame airfoll. This
fact provides valusble essistance in studring thoee pressure
dilstridutions, cheracterietic of small snglee of attack, for
which the region of esuncr: unic flow 4ocs not tegln until some
dietancc from the ailrfoll leading cdge, Another fector of
assistence in the arelrysis at thsee angles 1s 2 generel
similarity of the shape cf the suncrsonlc nortion of the pressure
dietribution for all five asirfciis invectigsted. An intensive
study of the pPerticular type of vressurc c¢istrloution character-
istic of smell anrlee of atscck wes malce in reference .

In that study it wes found thet the subscnic porticn of super-
critical proeeure distributions canr be vredicted by the same
methods used for euberiticel Mach nuxbers, and the shepe of

tha eupersonic portica of the pressure distribution was found
to be devendent upen the geometrical characteristics of the
position cn the alrfoil surface at which lccal eonlc velocity
is firss reached. This snslysie led to an empirical theory which
peroitted e reseonsble predicticn of the pressurc distribution
in the supersonic regjon cof falling prescure ccefficients for
angles of sttack of O, 29, and 4° and for Mach numoers up to
gbout 0.8, It spvears that an sccurate quantitetive anslysis
of supercritical pressure distributicns &t other then saall
anglee of atteck would be very involved and reculre Lore
¢xtensive cxperimentel and theoretical investigetions. There
i8 a mejor Aifficulty at large angles of atteck in that the
sonic roint occurs soc near the alrfoil lesding cGge. In this
rcgion the .nature of compreesible flow is particulerly complex.
It hac been pointed out that the charscteristics of the super-
sonic portion of the pressurc distribution eppeer to be highly
.dependent uoon conditions at the sonic point. Therecfore en
understanding of the natvrs of the varistion of prescure coef-
ficicnts with Mach number in the imzeélate vicinity of the air-
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for low-dreg airfolls at 1ift cocffielents within the low-
drag-eoeffielent range; (3) large negative nressure coeffieients
at the nose of thke airfoil, typieal for large cdditicnal

11t cceffieiente; (4) minimum prescure chead of about the
cuarter-eherd station followed by gentle pressuro recovery,
tyoieel for eanventicnal airfolle at cmall angles of attack;

and (5) rcounded pressure peak at alrfoll noss, typlcal for
ecnventional airfolls at woderate angles of attack. The
charseterieties of eseh of thesc tynes will now be discussed
individuslly. It should be borne in nmind thet the anslysile 18
based only on moacurcments at moderate Roynsclde nuidere on
airfoil secticns of lE-perecent-chorl thiciiness so that numerileal
velues stated may be different for thinner or tulcker eections.

The atrupt fcrward pesk of the Type 1 preesure distribution
ceeurs for low-drag o2lrfolle at modernto poeitive and negative
anglee of atteek and for econventional airfoils with camber far
forward, sueh as KaCa 232015, at modercte negative engles of
ettack. The following table lists tho cnses of this type found
in the figures »f thes proscnt data together with the experimentally
deteruined eritieel lizeh nurmber and ales the uprer limit of
¥eeh nuncer for vhiech this pressure dletribtuticn classification
can be uscd, ramoly, the ah nuaber liat whieh the drag
ccefflelent attaine tie v.iue of 0.05:

airfoil | Angle of! [Critienl Hachl liecn Humber ;i
Soction | atteck Fig.lo.| Nurber, Mep |l for Cp=0.05 H,—~M.
i | . JRRE:
: ]
€50-215 | -6 b LT {20427 |
| 655215 el i .78 et
[ €50-215 8 4 i .66 | .19'
|
|

66,2-215 -6 74 Bos
6¢€,2~215 =4 | : N1
€6,2-215 5

66,2-215 8 |
23015 -6 ]

3 T
.68 k-
e 23
.2

2301F — 4

It is scen that fcer ty»e 1 pressure distributions the critical
Hack number ie low, in the noighborhood of 0.5 and with increas—
ing Mech nuzber tke drag rises rclatively slcwly so that N,

is between 0.19 and 0.28 sbove tho eritleal kKach number.

Within this supercriticel lMaeh numbor rango, &8 the Mach number
is inerceecd the m=inimum pressure coeflleient becomes less
negative and the checrdwiee extent of the supersonic portion

of the prcscure distribution increasos until at ¥y the
pressure ' cocffieclente over the forward third or hglf <f the
2irfoll are relatively eccrstent,
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This teble shows that at positive anzles of attack the low-
drag alrfcils hsve one pettern which is different from that
of all the ccnventionual eilrfoll scctlons. At moderate and

large ncgatlve angles of atteck this simple diffcrentiation
dces nst hold, differences in type of cember line heving as
amuch effect as type of thickness distribution.

Ags the prescure dlstributlon cver en alrfoll changes with
Hiach number there 1s naturelly & rcsulient verlation of the
airfolil-section cheracteristice. A »arareter which would be
exvected to affect thls variation is the critical Mach
nurker, at vhich velue sonlc velocity is first attalned at
ccme point on the sirfoll surfece. The surprising thing 1s
thet no changes are observed in the variletlion of sectlon 1ift
end dreg coefflicicrts with lsch numoecr et the criticsl Masch
nunicer. It hes therefore been neccessary t2 intrsduce two
other parameters, denoted as the 1ift~ and dreg-divergence
Mech numbers, which satisfectorily locate the change in
varlatlon oI 1ift =nd dreg coefficient with Mazch number., It
is seen 1in flgurce 12 Jhrough 16 that for all the airfoil
sectlions and most cf the angles cf etiack investigated the
lift-divergence iiach number 1s the same a8 the dreg-divergence
Mech number, end hes 2 value somevhat larger than the criticel
Mach number. The increment of {he 1lift- and drag-divergence
lech number ebove the criltical :lach number was studled for
each alrfoll and engle of attacik in terms of the classifica-~
tion scheme for tlie type of prescure &ilstributlon., The
following rects werc noted: For typa 2,4, and § pressure
distributlone, 1ift and drag dlvergence occur at a Mach
nurber about 0.05 sbove the criticel liech number, while for
types 1 and ? this Mach nuaber lncrement 1s abcut 0.15 to
0.20. 1in the description of the pressure-distrioutilon
cleesification it a8 pcinted out that for each type there was
an eporoximste value for the difference between the critical
Mach number and tre Mach number Iy 2% which the drag
cocfficient attains the value of 0.05, The numerical values
for this Mach number difference were Ziven ae: type 1 from
0,19 to 0.28, tyne 2 from 0.10 to C.1l5, tyoe 3 undetermined
because cf insufficient data, type Y from 0.1C to 0.16, and
type 5 from 0.0% to 0.16, This iuformaticn together with
that for the drsg-divergence Mach nurber permits an estimate
of the repidlity of the lncrcase 1n drag cocefficlient at super~
critical Mach numbers,

The method of classifying pressure distributions which
has becn prescnted appears to bo of value in estimating the
general differences in pressurc-distribution variation with
Mach number and £lso c.me chenges in sectlon characteristics
at supercritical lisch number ag dotermined by the alrfoll
shape and angle of attack.

CON:z IDENTIAL




12 COIFIDENTIAL MACA RM No. A7BOY

The Mach Number Ij; is from 0.10 tc 0.16 sbove the critical Mach
number. At Ky the supersonic portion of the preseure dis-
tributicn terminatec scmewharc vetween 30 and 60 percent of

the alrloll ckcrd from the nose, depenilng upon the suberitical
pregsurc—-recovery gredicnt. The less »apld the nressure

rcecovery behind minimum vressure at suberiticsl speeds the more
$xtcnsivc will e the length of the suosersonic flow region et

E: o)

The type 5 nreseure distributicn for conventionsl airfolls
at noderite nngloes of atteck hos & nosc pressure ncek at 8ub—-e
critical specds which is less abrupt than that of type 1 but
what sceme to bte more luportant is the fact that the peak is
not follswed by a region of reletively constant nressurc as 1t
is for trpe 1. &t slightly euocreritical sneeds the tyve 5
preesure peai rounds off so thet the gupersonic regilon is from
10 to 30 peracnt of the chord in lengtils at increasingly
supercriticel epecds, the leagth of the esupersonic regilon
rciaine constant at this limited veluc, Type § pressurc dis-
tributions occur in tne follewing configurations of the present
__investigotion: NaQa COL5 at -£° and 11a0a 23015 and HU415 air—

“folls at B9 and 10° anglcec”® attack. For thece cases the
critical Mech number 1a st 2t C.U5 :nd the value of N, is
between 0.08 and 0.l6 aovsve the critical Mach nuxber.

Cf couree there is no adbrupt change in the shape of the
precsurc Gilatribution witk chenglng anile of attack., Thereforc
it 16 t2 be expected that there will ke borderline cascs in
which the beheviour cof the preseura (istribution at super-
critical lech nunbere is between two of the types prcviously
f€iscuesed. The exnerimentel pressurc distributions indicete
that this ove¢rlaep is 1lizitced %o an sngle-of-atieck renge of
only 1¥ or 2°, In the following tabdle the precscure distribu-
ticne preeented in the prescnt report are classiflicd according
to the type of varistion with Mach nuaber of the suncrsonle
porticn of thc pressure distributions Tor the surface on
which the local velocity of sound is first attcined:

1]
angle of | MiCa ailrfeils
attockk i :
(aeg) | 65,-215 | 66,2-215 | 0015 |23015! W5
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The variation with lach number in the charaeter of the
flow cver airfolls, which has been discussed in the preceding
sesctions, is accombanled by nrofound changes in the forces
and mcments acting on the sirfcils, the detalled discussiocn
oi which will not be undertaken here. The treatment will be
confined instead tc e discusslon of the extent to which the
chareacteristics of the several broad classifications cf airfoils
investigeted arec affected by ecmpressibility.

Lift Characteristies

From figures 12 through 16 of the variation of seetlon
1irft ccefficient with Mach number at coanstant incidence for
the NACA 655-215 (a = 0.5), 66,2-215 (a = 0.6), 0015, 23015,
and LH15 airfoils, the suberitiesl Tehovior is seen to be
senslbly the same fcr all five eirfclls. Except at high angles
of attack the 1lift ccefficient lrncresces wlth Kach number
aporaoximetely in the ratic 1/ #IT <H? until the critical

speed has been apnrceiably ercceded. AL supercriticeal speeds
the 1lift characteristics ¢f the low-Gray sirfoils are definiltely
superisr ts those of the conventiznuel airfsils investigated

on several counts., For mcderate and hixh snglee cf attack,

the Mach numbers < 1ift diveryence ere ccnsideratly higher
for the low-drag air:-lle than for the conventlonal sections.
Morecver, upon excecdiny the lift-divergence velselty at high
englees of attack the conventicnal alrfolls experience a more
savere logs in 1lift than do the FACL 65--215 (a = 0.5) and

66, 2-215 (a = 0.6) secticna.

Perhaps the mocst impertant difference in the supererlitical
characteristics of the low-drag end ccocnventionel profiles
lies in the changce in lift—curve slope beyond the 1lift-
&ivergence Mach numbers »f the respective alrfolls. although
all the airfolls oxpericnce e reducticn ln lift-cw've elope
upon excecding thelr lift-divergence velceitics, the con-
venticnal sections suffer perticularly in this respgsct.

The verisation in lift-curve slope with linch nuwber at 0.2
1ift ccefriclent ehown in figure 40 for all five alrfoils

1l 1lustrates this fact. The slope of the 1ift curve is of
particular sizgnificance because it ies cnz of the prineipal
factors affecting airplane stability. ZIxcessively low slopes
tend to promote extreme alrplane stabllity, a very undesirable
characteristic. The FKiCA low-drag seetions, then, possess a
definite acdvanteage in this regard cver the ecnventlonal
sectlons at supercriticcl speeds.

Ancther paremeter of great importance in airplane control
18 the angle &f zero lift. Figure 41 depicts the variation
with Mach number in the angle of zero 1ift fcr all five

COWFIDENTIAL
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airfoils., It is noted that the low-drag and cambered con-
ventional sections alike experience marked positive ashifts

in their respective angles of zero.lift at supercriticel
speeds, The change for the NACA 4U15 ailrfoll is particularly
eevere but should be regarded =& belng charactcristic of
highly canbered rather than conventional airfoils alone. Thie
positive shift in the &ngle of zero lift ie detrimental in
that 1t alters alrplane trim in a direction to nromote an
airplene divingz tendency upon exceeding the kach number of
1ift divergence. Disregarding the NACA 4415 scction m8 a
epeclal case, the low-drag and convcntional profiles exhibit
this undesirable characteristic to approxipately the some
degree. The constant positive angle cf zerd lift noted in

the figure for the NaCa COl5 sirfoil is attributed to lmperfeot
model construction and not toc sny aerodynamic phenoanenon.

One additionsl 1term of interest regarding the comjarctive
1ift characteristics of the low-(rag «nd the conventional
airfoils is the varistion of the naximuc 1ift coefficisnt with
Mach number which mey be seen i figures 25 to 29, although
the Reynolds numbers of the vreacnt tests were too low to
percit an accurate guantitative assessment of the smaxinum 1ift
coefficlents, the results arc of c¢ualitatlive value 1in
indlcating the trerd of the changes in this parsmeter with
Mach number., For the low-drag Nala 6502-215 {a = C.5) and
66,2-215 (m = 0.6) mirfolls the meximun 1ift coeffilclent
first decreases slightly with Mach nusber, then rises
apprecicbly at noderatecly high specds and finally declines
gradually at the highest Mech nusbers.. The over-esll verlation
is not very great, however. In contrast to this oehavior,
the raxlnum 1lift coeffilcients for the conventional KaCa 0015
and 23015 sections fall off at first sharply, #nd later,
decreasingly with Msch number. The cheracter of the verliation
of maximur: 1ift coefficient with Mach number for the NaCa
415 airfoil liles in between the other two types except at
the higher lech nucbers where it rescrbles uorce closely the
variation for the conventlonal profiles. At high sub-
eritical and ell supercritical speeds, then, the low-drag
alrfol%a ere superior toc the conventional sections in this
respect. S . : :

. Drag Charactesilstice

The high-epeed performance of airplanes 1e largely
determined by the drag characteristics of the sirfoll scotions
composing the principal lifting surfzees, The variation of
section drag coefficient with iach numoer illustrated in.
figuree 17 to 21 for the representative alrfoile investigated
then becomes of particular interest. Except at moderately high
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positive anglee of attack the general character of the vsrlation
in drag coefficient with Mach number 1s the same for both the
low—-drag and oconventionsl airfoila, At the higher positive
angles of attack the low-drag airfoills exhibit a vpecullar
decrease in drag beyond the critical speed which 1s epparent

a8 a dip in the curve of drag coefficlent ageinat Mach number.
This phenomenon, believed to ke assoclated with flow scparation,
was hot obscrved for the conventional alrfoils,

The drag chnrcoteristies of the several airfoll types oan
best be compered in figure 42 where the section drag coef-
flolent at 0.2 1ift coefficlent i1s shown &8 a functlion of
Mach number for all five airfoils, It is reedlly erparent
from an examination of this figure that the low-drag airfoils
possess no advantage over the conventlonel ailrfoll sections
insofar as supercritical speecd performance 18 concerned.

The NACA 4415 eirfoll appears to be definitely inferior to the
other airfoils investigzated,

Moment Charscteristics

Airfoll pitching moments are of interest heré only insofar
as they affect airvlane stsbility characteristlcs at super—
eritical speeds. The varlstion with Mach number of the guarter-
chord piltching-momecnt coefficlient secn in flgurea 22 to 24 for
the NaCa 652-215 (o = C.5), 66,2~215 (a = C.8), 23015, (15, and
41415 airfoll sections, respectively, is too small for all the
alrfolls investigated, except possibly the NACA H#U41% at high
.angles of etteck, to Bppreclably affcect alrplane trim.

CONCLUSIONS

From the results of oressure Jistribution and ¢érag measure-
ments at hirh speeds and moderate Reynolds numbers (1,000,000
to 2,000,000) for a revresentative groun of 1f-vercent-chord-
thick low-drag and conventional airfoll sections several con-
clusions regarding the characteristics of airfolls at suberitical
and sunercritical velocit'es are drawn, It should be emphasized
that the following conclusions apnly specifically to atrfolla of
thickneases in the vicinity of 15 vercent of the a'rfo'l chord
md do not necessarily apoly in the general case,

1. At subcritical velocities the Karman-Tsien modification
of potential theory for compresstbility satisfactorily predicte
the variation of the local pressure coefficlent with Mach
number on an airfoil surfece except in the vicinlty of the
leading edge, One consequence of this result s the very
satiefactory agreement noted in the present investigation

CONFIDENTIAL
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between experimental and theoretical criticsl iHach numberes
at other then large angles of attack.

2. At supercritical cpeeds the veristion cf prescuro
distritution with Mach number ror both low-drag end cen-
ventional airfoils appears to be dircctly related to the
fora of thp corresponding low-Spced nressure distributions.
Although this relationehip 18 purely cuallitative it permits a
moro reational understanding of the character of eupercritical
specd flows,

3. at subcritical liach nunbers there apncars to be
little to choose between the 1lift chiaracteristics cf the low-
dreg #nd the conventlicnal airfolls cxcert insofar zs the
raxinum 1ift coeff'icient 1s concorned, where the conventicnal
gections hold the adventage et lcw speeds and the low-drag
profiles ere favcred ot the hlsirer velocitles. For low-dreg
end conventicnal eirfolls alikz, the _,ru, end conscquently the
lift-curve eleve, increzsc¢s with lach number approximetely in
the ratio 1/ Ji = §?until tho eriticel speed hes been
cxcceded.

4, The eu>urpr1t1cr1 gspeecd 1lift char cterictics cf the
low-dreg mirfolle, =s represented bty the HaCa 650-215 (a = 0,5)
and 66,2-215 (e = ’0.6) ecctiocns, are definitely Bupericr to
the correspondlng cheracteristics of the conventicnal profiles
investigeoted in that the 1lift-curve slopes cof the former are
not neerly ae ‘drecticelly reduced beyond the Mach numbers of
1ift diversence as are the slopee of the latter sections,
Mcreover, the lift-divergence vclocities at the higher angles
of attack sre grester for the low-drag than for the con-
ventionel eirfoils, enhancing the high-spsed mencuvercbility
cf alrplancs emplzcylng the former sccticns.

5. The low-drag and noderstely cesbered conventicnal
airfolls exhibit en couclly unfavoreble pcsitive shift in
the :ncle of zero 1lift et high supercritical specds. The
HaCn 4815 airfoll, a special case as a highly caubered
section, exhibits particularly undesirable characteristicsa
in this respect.

6. At supercritical specds in the normsl lift-coefficient
range, the drag cheracteristics of the low-dreg and coi-
ventional airfolls are scnsibly the same, no sdvantage beiag
discernible for the lom~drsh type in this renge. 4altiough
the eritical speeds for the conventional secticns arc con—
slderably lower then those for tie low-Grag type, in the
vicinity of the design 1lift ccefficicnt the dresg~divergence
Mach nunkters are approximately equal Tor both types.
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7. The varlation of alrfoll pltchinz-moment coefflclents
with I'ach number for the low-drag and conventlsnal alrfolls
alixe 18 such as tn have but emall detrimental effects on the
performnance characteristice of alrplanes at high speads.

3. Althoush the lowdrag alrfoll wnuld appear to posaess
small advantage aver tie conventlonal esectlon as far as high-
sreed perfnrmance 1ls concerned, 1t appears deflnitely suverilor
to tiie latter 1n the matter of alrplane stabllity and control
at supercritical speeds.

Ames Aeronautlecal Laboratory,
Natlonal Advlsory Commlttee for Aeronautiocs,
lioffett Fleld, Callf.

REFEREICZIS

1. Allen, H. Jullan, and Vincentl, Ualter B.: Wall Inter-
ference 1n a Two-Dimenslional-Flow Wind Tunnel Vith
Conslderatlon of the Effects of Compressibility.
NACA ARR No. 4K03, 19Ul

Heaslet, !lax. A.: Critlcnl llach l'umbers Of V'u'-ious
Airfoll Sectlone. NACA ACR No. 4618, 1ghi,

vnn K«}-m&’. Th.: Compressidbllity Effects in Aerodyzarics.
Jrur. Aero. Scl. wol. &, no. 9, July 1 1941, pp. 337-356.

Kitzberg, Gerald E., and Sluder, Loma E.: An Emplrical
Theory of Pressure Distrilbutions Over Alrfolls at
Suvercritical Mach Humbers nnd iloderate Angles of
Attack. NACA RM llo. A7B07, 1947.

CONFIDEI"TIAL




WACA RN No. A7BO4 COKFIQENTIAL
TAMLE Ia.~ EXPERINENTAL LOAO DATA

(mACA 65,-215 (s = 0.5) Section Angla of Attaek, @o = =§°)

Butlul Valuss of load parameter, F = Pi-Fy, for different Msch numbers b
- T 1 T
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TAMLE Ib.- EXPERIMENTAL LOAO DATA
(mACA 65,-215 (s = 0.5) Ssetion Angle of Atteck, ag = -4°)

Values of load parameter, P = Pi~Py,, for different ¥aoh numbers
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TABLE Te.- FXPERIMENTAL LOAD DATA
NACA 65,-215 (8 = 0,5)  Section Angle of Attask, oq = =2°]

Station Valuss of load pnr-mnr P= l';-"u for different Msch numbers
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TABLE 1d.- EXPERIMENTAL LOAD OATA

[NACA 65.-215 (e = 0.5}

Seotion Angle of Atteok, g, = 0°]

RM Ko, A7BO4

T
|8tetios | Yeluee of loed persseter, P e Pi_P,.  for d1fferent Mach nusbers
e | -
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BB | Lar | k| aee | Loy ‘509 | 13%7 SRR | s306 | 2181 | .0%% |- 028 | .
860 . 8 .263 | ,290 [ .32 | .320 | .%48 | .‘az 43 .43 g .192 | ,087 |o
L850 .251].01I.;s‘.'46 367 | 391 | (636 | .ush | [ee2 580 | . .206 | .025
. 500 267 | .262 | . | .33 .350 | .367 | .3%6 | .uho | 520 | .539 | .%o | .167 | -.023
.zgg 237 | .257 | .296 | . 13 337 W9 | L3 ok | BE2 1 | | -586 .2'29 -.100
3 247 [ (259 .;16 .292 | (310 | .%27 | .32 21 | 131 M2 | (811 | 38 (-1
o700 | .128 | (1% | (30| 15k | 120‘ a3 | (iko | JoB6 | .1 .083 | (180 | .26 | .188
| S| SR S om | o | | S| 5e | 2R | |
L8715 l ,ohs .ol | ,05h .ozz‘. 032: .039 | ,0b0 | ,OM8 | .022| .000 | .056 .0911 202

1 e v i = B

TABLE Je,- EXPERINENTAL LOAD OATA

[XACA 65,-215 (e = 0.5}

Bection Angle of Atteok, a, = 2°]

TABLE If.- EXPERIMENTAL LOAD DATA

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

1
Btetion Veluee of losd parameter, P = Py-P,, for dlfferent Mach numbers
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CONFIDENTIAL

Figure l.- Airfoil model mounted in the test section

of the Ames 1 - by 3 1/2 foot high-speed
wind tunnel.
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